IronĲIII) titanates are composed of earth-abundant elements and are attracting rapidly growing interest as highly promising candidates for solar-energy as well as optoelectronics applications. In this article, we report on the successful synthesis of pseudobrookite Fe 2 TiO 5 thin films with RF sputtering followed by postdeposition annealing in air. The chemical composition, crystal structure, surface morphology, and optical properties of the films were characterized both experimentally and theoretically. The film was confirmed to be single phase and exhibited a highly crystalline orthorhombic structure with a preferential crystal orientation of (131) with excellent adhesion on both glass and silicon substrates, indicating that an epitaxial substrate is not required. Dielectric functions from spectroscopic ellipsometry and density functional theory (DFT) also provide a good understanding of the optical characteristics of the films.
Introduction
There is increasing demand for low-cost solar-photoelectric/ photochemical converters with broadband light absorption, such as for applications in photocatalysis, solar-water splitting, and photovoltaics. [1] [2] [3] [4] IronĲIII) titanates are considered highly promising broadband light-converters because they can have smaller optical band gaps than TiO 2 due to the incorporation of Fe 3d orbitals that locate at lower energy than Ti 3d orbitals while still keeping similar effective masses of carriers to TiO 2 . Among these, Fe 2 TiO 5 is expected to be a highly promising material, but almost no studies have been reported so far, especially for thin film synthesis, while a few works on powder synthesis have been reported. Fe 2 TiO 5 takes a pseudobrookite structure, a rare mineral structure that is known from the lunar mineral (Fe 0.5 Mg 0.5 )Ti 2 O 5 discovered by the crew of Apollo 11. 5 It is known to be stable at very high temperatures, but metastable at room temperature and also assumes strongly anisotropic thermal expansion. This might be the reason why almost no successful report exists for the high-quality large-scale film growth of this material, especially by sputter deposition, despite the strong demand for its practical use.
In Li-ion battery anodes 8, 9 and gas sensors. 10 It consists of earth-abundant elements (obtainable from ilmenite mineral), 11 exhibits high chemical surface stability, and a relatively small band gap (2.1 eV). 12 These highly promising features can help overcome the drawbacks of low carrier mobility as well as the poor solar absorptivity that hematite (Fe 2 O 3 ) and anatase TiO 2 , respectively, suffer. 13 The potential applications for iron titanate films can also be broadened to photovoltaics, optoelectronics, and optical filters, provided that a robust, connected and smooth layer can be synthesized with common deposition methods such as sputtering. Some works have reported the formation of orthorhombic Fe 2 TiO 5 micro crystals, films and powders by various methods (sol-gel, hydrothermal, infiltration syntheses). the best of our knowledge, as mentioned above, the synthesis of stand-alone, stable Fe 2 TiO 5 film by a sputtering method has not been reported so far. In this paper, we present the successful synthesis of well-defined single-phase Fe 2 TiO 5 films with RF magnetron sputtering with post-deposition annealing without using epitaxial substrates. The postdeposition annealing in air at 550°C for 2 hours led to nearly (131)-oriented film growth on (non-epitaxial) glass or Si substrates. The orthorhombic structure and pseudobrookite single phase were verified, and the expected stoichiometry was confirmed with a Ti : Fe ratio of 1 : 2. The average roughness for a 70 nm-thick film was about 4 nm, ensuring the good smoothness and closed/compact nature of this sputterdeposited film. Complementary spectroscopic ellipsometry and DFT simulations were employed to understand the optical absorption and dielectric response of the fabricated Fe 2 TiO 5 films in detail. Comparison of both experimental and simulated results gave good understanding of the film properties, such as direct and indirect band gap values of 2.0 and 3.0 eV, respectively. 17 
Experimental
Fe 2 TiO 5 thin films were deposited at room temperature from a sintered iron titanate target on glass and silicon substrates with the RF sputtering method (Shibaura !-Miller). The initial base pressure was set at 2.06 × 10 −5 Pascal. Then 20 sccm argon gas was introduced into the reaction chamber to set a working pressure of 0.53 Pascal. The RF sputtering power was 20 watts. After deposition, the films were annealed in air at 550°C for 2 hours. The crystal structure, composition, morphology, and optical properties of the post-annealed films were characterized via X-ray diffraction (Rigaku, Smartlab), a scanning electron microscope (Hitachi, SU-8400), an atomic force microscope (Bruker, Nanoscope 5), X-ray photoelectron spectroscopy (XPS), Raman (Witec, alpha-300R) and UV-vis spectroscopies (Jasco, V-7200), and ellipsometry (Sentech).
Computational details
In this study, density functional theory (DFT) calculations were performed using the Vienna ab initio simulation package (VASP) code 18, 19 within the generalized gradient approximation (GGA) of the Perdew-Burke-Ernzerhof (PBE) functional. 20 An energy cut-off of 520 eV was set for the projectoraugmented plane waves. The conventional cell of Fe 2 TiO 5 (orthorhombic structure, space group #63), which contains 32 atoms, was relaxed using the Monkhorst-Pack scheme 21 with a 9 × 3 × 3 k-points grid until the force on each atom was less than 0.005 eV Å −1 . Because the exact state of the FeĲIII) atoms
is not clear, 6 we performed all calculations with the most stable spin state: antiferromagnetic configuration. The calculated band gaps with conventional DFT are underestimated compared to the experimental ones. GW calculations, hybrid functionals or DFT + U 22, 23 are known as advanced approaches for solving this problem. For convenience, we employed the standard DFT plus Coulomb interaction U, with an appropriate value of U = 5.3 eV for Fe 3d orbitals, as recommended by the Materials Project. 24, 25 Optical permittivity was calculated by using the frequencydependent dielectric response with the independent-particle approximation model. 26 Fe 2 TiO 5 has anisotropic symmetry; therefore, the dielectric functions averaged for three different orientations were used for comparison with the experimental results from polycrystalline film. The real parts and imaginary parts of the complex dielectric function can be averaged with the following equations
The refractive index nĲω) and extinction coefficients kĲω) can be obtained directly from the dielectric functions:
Results and discussion

DFT simulation
The calculated electronic band structure of pseudobrookite Fe 2 TiO 5 is shown in Fig. 1b . The top of the valence band was set at 0 eV as the reference. The band diagram clearly illustrates that the pseudobrookite Fe 2 TiO 5 is a semiconductor with an indirect band gap. The valence-band maximum (VBM) is located between the Γ point and the X point, while the conduction-band minimum (CBM) lies at the Γ point. The calculated indirect band gap of Fe 2 TiO 5 was 2.07 eV, which is close to the experimental result for the bulk band gap: E g = 2.1 eV. 12 The optimized lattice parameters were a = 3.795 Å, b = 9.956 Å, c = 9.982 Å. The reported experimental lattice parameters are a = 3.732 Å, b = 9.793 Å, c = 9.979 Å, 14 which indicates a deviation within 2% in our simulated crystal. The right-hand panel of Fig. 1b is the density of states (DOS). The dashed lines indicate the location of the VBM and the CBM. Although the valence band is composed mainly of O 2p electronic states, a significant contribution of Fe 3d (e g ) character is also observed. The hybrid nature of the cation and anion bands is considered to be the origin of the strong dispersion of the VBM observed in Fig. 1b . The conduction band is composed of Fe 3d (t 2g ) states, and tails to lower energy than Ti, reducing the band gap energy of this system.
Experiment
To check the crystallinity of the synthesized films, postannealed films were investigated with X-ray diffraction. Fig. 2 shows the diffraction peaks of an Fe 2 TiO 5 film that appear at 27 Those values on the a and b axes are higher than that of Si (100) 2.6 × 10 −6 , and SiO 2 (quartz) 5 × 10 −7 (°C −1 ). Such a discrepancy generates a tensile stress in the film at the interface which in turn induces a peak shift as well as the preferential orientation in the film growth.
Valence states and chemical composition at the surfaces of orthorhombic Fe 2 TiO 5 films were studied with XPS analysis. High-resolution XPS spectra of Ti, Fe, and O are presented in Fig. 3 . Ti 2p 1/2 and Ti 2p 3/2 peaks centered at 464.0 and 458.3 eV (Fig. 3a) iron titanate films were synthesized with a sol-gel process and the maximum Ti : Fe ratio reached only 1 : 1.5; in the present case, RF sputtering deposition was utilized and a ratio of 1.0 : 2.0 could be obtained. For further structural characterization, the FT-IR spectrum of sputtered iron titanate film on silicon substrate was taken from 200 to 1200 cm −1 (Fig. 5) . The film crystal structure consisted mainly of six-fold coordinated Ti and Fe, illustrated as edge-sharing (TiO 6 ) and (FeO 6 ) octahedra. Two absorption peaks at around 432 and 290 cm −1 could be assigned to vertically aligned Ti-O stretching 29 and horizontal plane O-Ti-O bending vibrations of (TiO 6 ) octahedra. The last peak at 513 cm −1 could be assigned to some vibration in the (FeO 6 ) Fig. 2 XRD pattern of as-deposited iron titanate Fe 2 TiO 5 thin film on glass substrate, followed by post-annealing at 550°C for 2 hours in air. X-ray radiation from Cu-Kα source with 1.54 Å wavelength. octahedra. However, these assignments need further study for clarification. The morphology of Fe 2 TiO 5 film was investigated with SEM and AFM (Fig. 6 and 7) . The surface of the Fe 2 TiO 5 films contained well-defined nearly-oriented nanoscale hills and valleys with an average roughness of approximately 4.4 nm. An SEM image of the film deposited with in situ annealing at the same temperature is also presented in Fig. 6 for further comparison. Different domains consisted of small crystallites orienting in certain directions. The signature of a preferential orientation as well as the nanofacets might indicate that interface energy partly motivates the flat and closed nature of the film. Prior works using dry synthesis have adopted codeposition from TiO 2 and Fe 2 O 3 targets, but only the work done with pulsed laser deposition (PLD) has reported successful results. 30 This would point to the necessity of very high temperature during the crystal growth or a highly excited state of the incoming flux. In the current synthesis, we used a stoichiometric Fe 2 TiO 5 sputter target (from Furuuchi Kagaku: mostly sintered above 1100°C from TiO 2 and Fe 2 O 3 particles) and obtained successful film growth. We grew the film only at 550°C, but the target itself is already in the form of Fe 2 TiO 5 . This will be the major reason why we readily obtained high-quality films by sputter deposition.
Ellipsometry was employed to characterize the refractive indices of Fe 2 TiO 5 thin films with a Tauc-Lorentz model for fitting. The refractive index value (n) varies from 2.9 to 2.4 in the visible region (400-800 nm) (Fig. 8a) . High extinction coefficient (k) values were observed below 500 nm and were reduced drastically above that, corresponding to the band gap energy of this system.
In order to compare and validate the accuracy of the calculations and experiments, we calculated the average dielectric functions (optical permittivity) and these are presented in Fig. 9 . The real part of the calculated spectrum shape is in good agreement with the experimentally obtained optical permittivity in Fig. 9a . The imaginary part exhibits a peak around 400 nm related to the optical transitions between O 2p valence bands and Fe 3d conduction bands and tails to up to 600 nm, pointing to the good visible photoactivity of this material. We note here a noticeable difference between experimental and calculated optical spectra that could come from the experimental structures (grain and surface roughness), and/or the relatively simple independent-particle approximation model in our optical calculations. Optical absorption of Fe 2 TiO 5 thin film on glass was also studied with UV-vis spectroscopy (Fig. 10a) . Fig. 10b displays the Tauc plot generated from the measured absorption spectrum, where α, h, and ν are the absorption coefficient, Planck constant, and photon energy, respectively. Direct and indirect band gap values were estimated to be 3.0 and 2.0 eV, by extrapolation of the curve. 31, 32 According to the DFT band calculation (Fig. 1b) , the indirect and direct band gaps are mainly attributed to the excitation between O 2p states to Fe 3d state. The simulated Tauc plots calculated from absorption coefficients showed good agreement with experiment (Fig. 10c) . The observed absorption properties strongly support the promising features for application in the photochemical and photoelectric conversion of the fabricated film in the visible region. 
Conclusion
We have reported for the first time the deposition of Fe 2 TiO 5 thin films with RF magnetron sputtering on glass and silicon substrates. The as-deposited films were annealed in air ex situ at 550°C for 2 hours to form a well-defined single phase. XRD exhibited a pseudobrookite structure oriented in the (131) direction. The average roughness measured for a 70 nm-thick film with AFM was about 4 nm. Direct and indirect band gap values extracted from Tauc plots were approximately 2.0 and 3.0 eV, respectively. DFT calculation also resulted in band gap values of 2.07 eV (indirect) and 3.0 eV (direct) from simulated Tauc plots, explaining the observed values. The good agreement of experimental and DFT simulated dielectric functions also helped to reveal the optical properties of Fe 2 TiO 5 sputtered films. We hope that the synthesis method we propose here will pave the way for the large-scale production of Fe 2 TiO 5 film for solar energy applications.
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